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(57) Abstract 

This invention pertains generally to the field of light-emitting diodes, LEDs. More particularly, this invention relates to polymer 
LEDs which offer high brightness, high efficiency, and extended operating life, and which comprise: a transparent hole-injecting anode 
layer (1 1); an emissive layer comprising an electroluminescent polymer (12); and an electron-injecting cathode layer (13); the cathode layer 
comprises an ultra-thin layer of alkaline earth metal, such as calcium, strontium, and barium, having a thickness of about 100 Angstroms 
or less, typically from about 15 to about 100 Angstroms. 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


FI 


Finland 


, LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


sz 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Faso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 
UA 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 
Canada 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


IT 


Italy 


MX 


Mexico 


uz 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


ZW 


Zimbabwe 


CI 


C6te d'lvoire 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 






cu 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






cz 


Czech Republic 


IX 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


U 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Singapore 







WO 98/57381 



1 



PCT/US98/09S63 



ULTRA-THIN LAYER ALKALINE EARTH METALS AS 
STABLE ELECTRON-INJECTING CATHODES FOR 
POLYMER LIGHT EMITTING DIODES 

RELATED APPLICATION 

This application claims priority to U.S. Provisional Patent Application No. 
08/872,657 filed 10 June 1997, the disclosure of which is incorporated herein by reference. 

TECHNICAL FIELD 

This invention pertains generally to the field of light-emitting diodes (LEDs). 
More particularly, this invention relates to polymer LEDs which offer high brightness, 
high efficiency and extended operating life, and which comprise (a) a transparent 
hole-injecting anode layer; (b) an emissive layer comprising an electroluminescent 
polymer; and, (c) an electron-injecting cathode layer; wherein said cathode layer comprises 
an ultra-thin layer of alkaline earth metal (such as calcium, strontium and barium) having a 
thickness of about 1 00 A or less, typically from about 1 5 to about 1 00 A. 

BACKGROUND 

Throughout this application, various publications, patents, and published patent 
applications are referred to by an identifying citation; full citations for these documents 
may be found at the end of the specification immediately preceding the claims. The 
disclosures of the publications, patents, and published patent specifications referenced in 
this application are hereby incorporated by reference into the present disclosure to more 
fully describe the state of the art to which this invention pertains. 

Diodes and particularly light-emitting diodes (LEDs) fabricated with conjugated 
organic polymer layers have attracted attention due to their potential for use in display 
technology. See, for example, Burroughs et al. y 1990 and Braun et a/., 1991 . Among the 
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promising materials for use as active layers in polymer LEDs are poly(phenylene 
vinylene), PPV, and soluble derivatives of PPV such as poly(2«methyoxy-5-(2'-ethyl- 
hexyloxy)-l ,4-phenylene vinylene), MEH-PPV, a semiconducting polymer with an energy 
gap E g of - 2.1 eV. This material is described in more detail in Wudl et al, 1993. Another 

5 material described as useful in active layers of polymer LEDs is poly(2,5- 

bis(cholestanoxy)-! ,4-phenylene vinylene), BCHA-PPV, a semiconducting polymer with 
an energy gap E g of ~ 2.2 eV. This material is described in more detail in Zhang et al , 
1993. Other suitable polymers include, for example, the poly(3-alkylthiophenes) (see, for 
example, Braun et al, 1992) and related derivatives (see, for example, Berggren et al, 

10 1995); poly(p-phenylene) (see, for example, Grem et al, 1992), and its soluble derivatives 
(see, for example, Yang et al, 1993); and polyquinoline (see, for example, Parker et al, 
1994a). Blends of conjugated semiconducting polymers in non-conjugated host polymers 
are also useful as the active layers in polymer LEDs (see, for example, Zhang et al, 1994). 
Also useful are blends comprising two or more conjugated polymers (see, for example, Yu, 

15 1996). Generally, materials for use as active layers in polymer LEDs include 

semiconducting conjugated polymers, more specifically semiconducting conjugated 
polymers which exhibit photoluminescence, and still more specifically semiconducting 
conjugated polymers which exhibit photoluminescence and which are soluble and 
processible from solution into uniform thin films. 

20 

In the field of organic polymer-based LEDs it has been taught in the art to employ a 
relatively high work function metal as the anode, this high work function anode serving to 
inject holes into the otherwise filled rc-band of the semiconducting, luminescent polymer. 
Relatively low work function metals are preferred as the cathode material, this low work 
25 function cathode serving to inject electrons into the otherwise empty rc*-band of the 

semiconducting, luminescent polymer. The holes injected at the anode and the electrons 
injected at the cathode recombine radiatively within the active layer and light is emitted. 
The common criteria for suitable electrodes are described in detail by Parker et al, 1994b. 

30 Suitable relatively high work function metals for use as anode materials are 

transparent conducting thin films of indium/tin-oxide (see, for example, Burroughs et al, 
1990; Braun et al, 1991). Alternatively, thin films of polyaniline in the conducting 
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emeraldine salt form can be used (see, for example, Gustafsson et aL, 1992; Yang et aL, 
1994; Yang, 1995; and Yang et aL, 1995). Thin films of indium/tin-oxide and thin films 
of polyaniline in the conducting emeraldine salt form are preferred because, as transparent 
electrodes, both enable the emitted light from the LED to radiate from the device in useful 
levels. 

Suitable relatively low work function metals for use as cathode materials include 
calcium, magnesium, and lithium. The thickness of the electron injection cathode layer 
has typically ranged from 200 to 5000 A (see, for example, Vanslyke, 1992; Friend et aL, 
1993; Nakano et aL, 1994; and Kido et aL, 1995). A lower limit of 200 to 500 A is 
required in order to form a continuous film (full coverage) for the cathode layer (see, for 
example, Holmes et aL, 1996; Scott et aL, 1996; and Parker et aL, 1994). In addition to 
good coverage, thicker cathode layers were believed to provide self-encapsulation to keep 
oxygen and water vapor away from the active parts of the device. 

Alloying of reactive cathode metals with more stable metals, such as aluminum or 
silver, has been used in attempts to improve the cathode's environmental stability; 
however, the resulting cathodes remain unstable to reaction with oxygen and/or water 
vapor (see, for example, Vanslyke, 1991; Vanslyke et aL, 1991; and Heeger et aL, 1995). 

Among the alkaline earth metals, calcium has been widely used in polymer LEDs. 
Calcium is known to function as an excellent electron-injecting contact. Although 
strontium and barium have work functions similar to that of calcium, there are no reports 
in the scientific literature concerning the use of either strontium or barium as cathode 
materials for polymer LEDs. This is probably due to the higher chemical reactivity of 
strontium and barium in comparison with calcium. Even calcium is highly reactive, for 
example, with oxygen and water vapor at room temperature and even more vigorously at 
elevated temperatures. Consequently, either relatively thick films (>1000 A) have been 
used to provide some degree of self-encapsulation or alloys with stable metals, such as 
aluminum, have been used as cathodes for LEDs, but with only limited success. 
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Despite in the improvements in the construction of polymer LEDs, a persistent 
problem has been rapid decay of the device efficiency (and light output) during stress, 
especially at elevated temperature. Thus, there is a need for low work function cathodes 
for use as electron-injecting contacts in polymer LEDs, which have improved stability to 
reaction with oxygen and water vapor especially at elevated temperature. 

The inventor has discovered the surprising and unexpected result that a cathode 
comprising an ultra-thin layer of an alkaline earth metal offers significant improvements in 
stability {e.g., extended stress lifetime) as compared to conventional cathodes fabricated 
from the same metals (and other low work function metals) but with films of thickness 
greater than 200 A (typically in the range 200 A to 5000 A), the latter being known in the 
art. 

Thus, the present invention pertains generally to cathodes comprising an ultra-thin 
layer (typically about 15 A to about 100 A) of an alkaline earth metal (e.g., calcium, 
strontium and barium), which functions as a stable contact for efficiently injecting 
electrons into an emissive layer comprising an electroluminescent polymer, thus resulting 
in LEDs with high brightness, high efficiency and extended operating life. 

SUMMARY OF THE INVENTION 

The present invention pertains to polymer light-emitting diodes (LEDs) which have 
extended operating life, and more particularly, LEDs in which the decay of efficiency and 
light output is substantially postponed. 

Thus, one aspect of the present invention pertains to a polymer light-emitting diode 
(LED) comprising: 

(a) a transparent hole-injecting anode layer; 

(b) an emissive layer comprising an electroluminescent polymer; and 

(c) an electron-injecting cathode layer; 

wherein said cathode layer comprises an ultra-thin layer of alkaline earth metal 
having a thickness of from about 15 to about 100 A. 
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In one embodiment, the alkaline earth metal is selected from the group consisting 
of calcium, strontium, and barium. 

5 In another embodiment, the ultra-thin layer of alkaline earth metal has a thickness 

of from about 30 to about 60 A. 

In another embodiment, the cathode layer further comprises a capping layer. In one 
embodiment, the capping layer comprises aluminum, silver, or copper. 

10 

In another embodiment, the electroluminescent polymer is a conjugated polymer. 
In one embodiment, the electroluminescent polymer is selected from the group consisting 
of: poly(p-phenylene vinylene)s, poly(arylene vinylene)s, poly(p-phenylene)s, 
poly(arylene)s, and polyquinolines. In one embodiment, the electroluminescent polymer is 
1 5 poly(2-(3 ,7-dimethyloctyloxy)-5-methoxy- 1 ,4-phenylene- 1 ,4-phenylene vinylene). 

In another embodiment, the anode layer comprises a material selected from the 
group consisting of: metal, metal oxide, graphite, doped inorganic semiconductor, doped 
conjugated polymer. In one embodiment, the anode layer comprises a material selected 
20 from the group consisting of: aluminum, silver, platinum, gold, palladium, tungsten, 

indium, copper, iron, nickel, zinc, lead, tin oxide, indium/tin oxide, graphite, doped silicon, 
doped germanium, doped gallium arsenide, doped polyaniline, doped polypyrrole, and 
doped polythiophene. 

25 In another embodiment, the LED is encapsulated. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a cross-sectional view of typical solid state LED device of the invention 
30 (not to scale). 10: substrate; 1 1 : anode; 12: luminescent polymer; 13: ultra-thin layer of 
alkaline earth metal; 14: capping metal; 16 power source. 
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Fig. 2 is a graph of luminance versus time for LED devices with different thickness 
of a calcium layer during continuous stress at 85°C and 8.3 mA/cm 2 . 

Fig. 3 is a graph of luminance versus time for LED devices with different thickness 
of a barium layer during continuous stress at 85°C and 8.3 mA/cm 2 . 

Fig. 4 is a graph of luminance versus time for LED devices with 40 A and 3000 A 
layers of strontium, respectively, as a cathode layer, during continuous stress at 85°C and 
8.3 mA/cm 2 . 

Fig. 5 is a graph of voltage at 25 mA versus time (indicating the voltage increase 
rate) for LED devices with 40 A layers of calcium, strontium, and barium respectively, as a 
cathode layer during continuous stress at 85°C and 8.3 mA/cm 2 . The voltage increase rate 
is indicated in parenthesis. 

Fig. 6. is a graph of luminance versus time for comparative LED devices having 
2000 A layers of a calcium/aluminum alloy as a cathode layer, during continuous stress at 
85°C and 8.3 mA/cm 2 . 

DETAILED DESCRIPTION OF THE INVENTION 

In one embodiment, the present invention pertains to a polymer light-emitting 
diode (LED) comprising: 

(a) a transparent hole-injecting anode layer; 

(b) an emissive layer comprising an electroluminescent polymer; and 

(c) an electron-injecting cathode layer; 

wherein said cathode layer comprises an ultra-thin layer of alkaline earth metal 
having a thickness of from about 15 to about 100 A. 

A typical example of an LED of the present invention is illustrated in Figure 1, 
wherein the cathode is fabricated from an ultra-thin layer of an alkaline earth metal (layer 
13 in Fig. 1). In other respects, the LEDs of the present invention are similar to those 
known in the art. That is, the LEDs of the present invention comprise an emissive layer 
comprising an active electroluminescent polymer (e.g., an active semiconducting polymer 
layer) (layer 12 in Fig. 1) sandwiched between an anode layer (layer 11 in Fig. 1) and a 
cathode layer (comprising an ultra-thin layer of an alkaline earth metal, layer 13 and an 
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optional capping layer, layer 14 in Fig. 1). Other layers known in the art to enhance the 
performance can also be incorporated, if desired. These include, for example, electron 
transport layers and/or hole transport layers as described by Greenham et al, 1993; and 
Zhang et aL, 1993. 

5 

Cathodes Comprising Ultra-thin Layer of Alkaline Earth Metal 

The LEDs of the present invention comprise an electron-injecting cathode layer 
which comprises an ultra-thin layer of alkaline earth metal having a thickness of from 
10 about 15 to about 100 A. 

The term "alkaline earth metal" is used herein in the conventional sense, and refers 
to metals of Group Ila of the periodic table, including magnesium (Mg), calcium (Ca), 
strontium (Sr), and barium (Ba). Preferred alkaline earth metals for use in the present 
1 5 invention include calcium, strontium, and barium. The alkaline earth metals are generally 
low work function metals {i.e., Mg ~ 3.66 eV; Ca ~ 2.7 eV; Sr ~ 2.76 eV; Ba ~ 2.35 eV) 
(see, for example, Dean, 1982). 

In the LEDs of the present invention, the ultra-thin layer of an alkaline earth metal 
20 has a thickness of about 100 A or less, and is typically from about 15 to about 100 A. In 
one embodiment, the ultra-thin layer of an alkaline earth metal has a thickness of about 30 
to about 60 A. 

The ultra-thin layer of alkaline earth metal can typically be fabricated using any of 
25 the techniques known in the art for deposition of thin metallic films, for example, by 
vacuum evaporation, by sputtering, or by electron beam deposition, using for example, 
pure metals or alloys. The thickness of the low work function metals can be controlled by 
time and rate of deposition. Typical rates of deposition were 0.5-2 A per second. 

30 It is commonly accepted in the semiconducting industry that ultra-thin metal layers 

with thickness below 100 A form granules with diameters of several hundred Angstroms. 
Typically, on top of the ultra-thin layer of alkaline earth metal, a capping layer of a more 
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stable metal is deposited to provide continuous electrical connection to isolated granules of 
the ultra-thin alkaline earth metal and to provide a first level of encapsulation. Thus, the 
surface of the polymer emissive layer need not be completely covered by the ultra-thin 
layer of the alkaline earth metal; uncovered surface is then contacted with the subsequent 
capping layer. Examples of suitable more stable metals, which typically are also high 
work function metals, include aluminum, silver, copper, and the like. The thickness of the 
capping layer is typically a few hundred Angstroms or greater, and often a few thousand 
Angstroms. As a result of the capping layer, two signatures are sometimes observed in the 
current versus voltage (I-V) curves. For example, for a Ca/Al cathode, where Al is the 
capping material, one signature corresponding to electron injection from Al at - 1.1 V (the 
work function of aluminum is 4.2 eV) is observed, and a second signature corresponding 
to electron injection from Ca at - 1 .6 V (the work function of calcium is 2.7 eV) is also 
observed. Typically, however, for Ca/Al cathodes, only one turn-on was observed in the 
I-V curve at around 1.6 V, indicating minimal discontinuities in the ultra-thin layer of 
calcium. The latter is preferred. 

It is well know that low work function metals, such as alkaline earth metals, can 
dope conjugated polymers even at room temperature (see, for example, Skotheim, 1986). 
Salaneck et al, 1996, reported the observation of in situ doping of conjugated oligomers 
by Ca, which became Ca +2 in the interface. Thus, metal granules are homogeneously 
dissolved into the polymer interface, with the Ca +2 serving as the counter-ions in the Ai-type 
doped polymer. In this situation, the «-type doped layer of the semiconducting polymer 
functions as the electron injecting contact. That the «-type doped layer of the 
semiconducting polymer functions as the electron injecting contact is demonstrated in the 
Examples below where it is found that the turn-on voltage for Ca and Ba are the same, . 
approximately 1 .6 V, although the work function of Ba (2.35 eV) is much lower than the 
work function of Ca (2.7 eV). 

As demonstrated in the Examples below, the stress life of devices with cathodes 
comprising ultra-thin alkaline earth metals is significantly improved, especially at elevated 
temperatures, over that of devices with standard thicknesses (e.g., 2000 A) of alkaline earth 
metals. Nonetheless, the devices with cathodes comprising ultra-thin low work function 
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metal cathodes exhibit performance (brightness and quantum efficiency) comparable to 
those of devices with conventional cathodes. As demonstrated in the Examples below, 
maximum stress life at 85°C was observed for cathode thicknesses of about 30-40 A. 

5 The high brightness and quantum efficiency result from the excellent electron 

injection via the «-type doped layer of the polymer at the interface. On the other hand, it is 
well known that doping quenches the luminescence of conjugated polymers. When thicker 
layers of low work function metal are used as the cathode, stress-induced doping causes 
the doping to extend deeper and deeper into polymer bulk during operation, thereby 
10 causing the efficiency and light output to drop during operation. 

The Electroluminescent Polymer 

In the LEDs of the present invention, the luminescent layer (also referred to as the 
15 emissive layer) comprises an electroluminescent polymer. In one embodiment, the 

electroluminescent polymer comprises at least one conjugated polymer or a co-polymer 
which contains segments of ^-conjugated moieties. Conjugated polymers are well known 
in the art (see, for example, Bredas et ai 9 1991). Suitable examples include, but are in no 
way limited to: 

20 (i) poly(p-phenylene vinylene) and its derivatives substituted at various positions 

on the phenylene moiety; 

(ii) poly(p-phenylene vinylene) and its derivatives substituted at various positions 
on the vinylene moiety; 

(iii) poly(p-phenylene vinylene) and its derivatives substituted at various positions 
25 on the phenylene moiety and also substituted at various positions on the vinylene moiety; 

(iv) poly(arylene vinylene), where the arylene may be such moieties as 
naphthalene, anthracene, furylene, thienylene, oxadiazole, and the like; 

(v) derivatives of poly(arylene vinylene), where the arylene may be as in (iv) 
above, and additionally have substituents at various positions on the arylene; 

30 (vi) derivatives of poly(arylene vinylene), where the arylene may be as in (iv) 

above, and additionally have substituents at various positions on the vinylene; 
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(vii) derivatives of poly(arylene vinylene), where the arylene may be as in (iv) 
above, and additionally have substituents at various positions on the arylene and 
substituents at various positions on the vinylene; 

(viii) co-polymers of arylene vinylene oligomers, such as those in (iv), (v), (vi), and 
5 (vii) with non-conjugated oligomers; 

(ix) poly(p-phenylene) and its derivatives substituted at various positions on the 
phenylene moiety, including ladder polymer derivatives such as poly(9,9-dialkyl fluorene) 
and the like; 

(x) poly(arylenes) where the arylene may be such moieties as naphthalene, 

1 0 anthracene, furylene, thienylene, oxadiazole, and the like; and their derivatives substituted 
at various positions on the arylene moiety; 

(xi) co-polymers of oligoarylenes such as those in (x) with non-conjugated 
oligomers; 

(xii) polyquinoline and its derivatives; 

1 5 (xiii) co-polymers of polyquinoline with p-phenylene substituted on the phenylene 

with, for example, alkyl or alkoxy groups to provide solubility; 

(xiv) rigid rod polymers such as poly(p-phenylene-2,6-benzobisthiazole), 

poly(p-phenylene-2,6-benzobisoxazole), poly(p-phenylene-2,6-benzimidazole), and their 

derivatives; 
20 and the like. 

The luminescent layer can typically be fabricated using any of the techniques 
known in the art, particularly those methods known in the art of polymer LEDs, including, 
for example, casting directly from solution, and casting of a polymer precursor followed by 
25 reaction (e.g., by heating) to form the desired polymer. Typically, the luminescent layer 
has a thickness of about 800 to about 1500 A, more preferably about 1000 A. 

The Transparent Anode Layer 



30 The electroluminescent layer of an LEDs of the present invention is bounded on 

one surface by a transparent anode layer. When a substrate is present this layer is between 
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the substrate (e.g., deposited on the substrate) and the emissive layer, which comprises 
conjugated polymer and optionally an additive. 

The anode layer is a transparent conductive layer which serves as a hole-injecting 
5 layer and which comprises a material with work function above about 4.5 eV. Typical 
anode materials include metals (such as aluminum, silver, platinum, gold, palladium, 
tungsten, indium, copper, iron, nickel, zinc, lead, and the like); metal oxides (such as lead 
oxide, tin oxide, indium/tin-oxide, and the like); graphite; doped inorganic semiconductors 
(such as silicon, germanium, gallium arsenide, and the like); and doped conducting 
10 polymers (such as polyaniline, polypyrrole, polythiophene, and the like). When metals 
such as those listed above are used, the anode layer must be sufficiently thin to be 
semi-transparent to the light emitted in the emissive layer. Metal oxides such as 
indium/tin-oxide and conducting polymers such as polyaniline and polypyrrole are 
typically semitransparent in the visible portion of the spectrum. 

15 

The anode layer can typically be fabricated using any of the techniques known in 
the art for deposition of thin films, for example, by vacuum evaporation, by sputtering, by 
electron beam deposition, or by chemical vapor deposition, using for example, pure metals 
or alloys or other film precursors. Typically, the anode layer has a thickness of about 300 
20 to about 3000 A. 

Encapsulation 

Despite the significant improvement in the stress life offered by the cathodes of the 
25 present invention, it is typically preferred to encapsulate the polymer LEDs of the present 
invention to prevent long term degradation. Methods of encapsulation are well known in 
the art. For example, devices can be sealed between glass plates, or sealed between barrier 
polymer layers. 



i 
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EXAMPLES 

The remarkable improvement in stability and lifetime of polymer LEDs fabricated 
with cathodes comprising an ultra-thin layer of alkaline earth metal is illustrated in the 
Examples below, which are offered by way of illustration and not by way of limitation. 

Example 1 

LEDs were fabricated using poly (2-(3,7-dimethyloctyloxy)-5«methoxy- 1,4- 
phenylene vinylene) (MDMO-PPV) as the active semiconducting, luminescent polymer. 
The thicknesses of the MDMO-PPV films were 1000 A. Indium/tin oxide was used as the 
anode. The device architecture was ITO/MDMO-PPV/metal. Devices were fabricated 
using both ITO on glass as the substrate (Applied ITO/glass) and using ITO on plastic, 
polyethylene terephthalate, PET, as the substrate (Courtauld's ITO/PET). In both cases, 
ITO was the anode and the hole-injecting contact. Devices were made with ultra-thin 
layers of calcium (Ca) as the cathode. The metal cathode film was fabricated on top of the 
MDMO-PPV layer using vacuum vapor deposition at pressures below 1x1 0" 6 Torr 
(1 .3 x1c 4 Pa) yielding an active layer with area of 3 cm 2 . The deposition was monitored 
with a STM-100 thickness/rate meter (Sycon Instruments, Inc.). Calibration of the actual 
thickness and thickness distribution in substrate position inside evaporator was made by 
measuring a 1500 A aluminum film using a surface profiler (Alpha-Step® 500 Surface 
Profiler, Tencor Instruments). The thicknesses of the calcium layers were 7, 10, 15, 20, 30, 
45, 60, 80, 150, 300 and 2000 A. Immediately after Ca deposition, a 3000 A capping iayer 
of aluminum was deposited on top of the calcium layer. For each of the devices, the 
current versus voltage curve, the light versus voltage curve, and the quantum efficiency 
were measured. The measured quantum efficiencies of the devices with different 
thicknesses of calcium as cathode are summarized in Table 1. 
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Table 1 

Device performance (at 25 mA) of polymer LED devices 
prepared with different thicknesses of the calcium cathode 






Device Performance at 25 mA 


INO. 


La uucKness 

(A) 


Voltage 
(V) 


Luminance 
(cd/m 2 ) 


Efficiency 
(%) 


C150 


7 


3.29 


109 


2.7 


C524 


15 


3.25 


140 


3.4 


C483 


30 j 


3.36 


121 


3.0 


C527 


40 


3.17 


136 


3.4 


C529 


80 


3.14 


110 


2.7 


C156 


150 


3.10 


116 


2.9 


C286 


300 


3.06 


118 


2.9 


C672 


3000 


3.25 


133 


3.3 



This example demonstrates that polymer LEDs with Ca as cathode emit light by 
electroluminescence, and that the quantum efficiency of the emission is comparable to that 
for devices with wide range of Ca thickness including ultra-thin layers having thicknesses 
5 of less than 100 A. 

Example 2 

The devices of Example 1 were encapsulated with a cover glass and a UV curable 
10 epoxy (ELC-2500, Electro-Lite Corporation), and stressed at a constant current of 25 mA 
(current density 8.33 mA/cm 2 ) at 85°C in an oven under ambient atmosphere. Light output 
was recorded by a photodiode placed 1 cm above each device. Operating voltage changes 
were recorded during stress. The change in luminance change during stress, for devices 
with different Ca thicknesses, is illustrated in Figure 1 . 

15 

This Example demonstrates the surprising and unexpected result that the stress life, 
I*, (the time required for the light intensity to drop to half the initial value), at 85°C is 
increased from 50 hours to more than 200 hours. Based on previous experiments, the 
acceleration factor for stress life at 85°C in comparison with room temperature stress at the 
20 same current density (8.33 mA/cm 2 ) was determined to be 40. This indicates that the room 
temperature stress half life of the LED will exceed 8,000 hours. 
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Example 3 

Light-emitting diodes were fabricated as in Example 1, but calcium (Ca) was 
replaced by strontium (Sr) and barium (Ba). Initial device performance data are 
5 summarized in Table 2. 



Table 2 

Device performance (at 25 mA) of polymer LED devices prepared 
with different thicknesses of Barium and Strontium cathodes 








Device Performance at 25 mA 


No. 


Cathode 


Thickness 
(A) 


Voltage 
(V) 


Luminance 
(cd/m 2 ) 


Efficiency 
(%) 


D236 


Ba 


15 


3.08 


146 


3.6 


D238 


Ba 


30 


3.07 


148 


3.7 


D248 


Ba 


45 


3.04 


139 


3.4 


D182 


Ba 


60 


3.10 


135 


3.3 


D176 


Ba 


85 


3.19 


110 


2.9 


D108 


Ba 


3000 


3.01 


131 


3.2 


D148 


Sr 


45 


2.97 


117 


2.9 


Dill 


Sr 


2000 


2.95 


106 


2.6 



This example demonstrates that polymer LEDs with Ba and Sr as cathodes emit 
light by electroluminescence, and that the quantum efficiency of the emission is 
10 comparable to that for devices with a wide range of thicknesses. A slightly higher 

quantum efficiency was obtained for devices comprising Ba in the cathode in comparison 
with devices comprising Ca or Sr in the cathode. 

The devices were stressed under the same conditions as described in Example 2. 

1 5 The change in luminance change during stress, for devices with different Ba and Sr 

thicknesses, is illustrated in Figures 3 and 4. The thickness dependence of the stress life 
for Ba and Ca was similar to that observed for Ca in Figure 2. Comparing the data in 
Figures 2, 3, and 4, it is evident that cathodes comprising an ultra-thin layer of Ba provide 
the best stress life. Table 3 summarizes the half life (t.J data for LEDs with different 

20 thicknesses of Ca, Sr and Ba in the cathode at 85°C and 8.33 mA/cm 2 . 
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Table 3 

Half stress life of LED devices with devices with different thickness of 
Calcium, Barium and Strontium cathode at 25 mA 


Cathode 


Thickness (A) 


Half-life ^(h) 


Ca 


7 


3 


Ca 


15 


57 


Ca 


30 


175 


Ca 


40 


180 


Ca 


60 


175 


Ca 


150 


110 


Ca 


300 


60 


Ca 


3000 


60 


Sr 


40 


200 


Sr 


3000 


80 


Ba 


15 


175 


Ba 


40 


>300 


Ba 


3000 


120 



Furthermore, devices comprising an ultra-thin layer of Ba show a slightly lower 
rate of voltage increase compared to those comprising ultra-thin layers of Ca or Sr (this is 
evident from the data in Figure 5). 

5 

This Example demonstrates that of the alkaline earth metals examined, ultra-thin 
Ba provides the best performance in terms of operating lifetime. 

Example 4 

10 

Examples 1 and 2 were repeated, but the capping layer was changed from Al to the 
high work function metals, silver (Ag) and copper (Cu). Device performance data are 
summarized in Table 4. The data demonstrate that devices with Ag and Cu capping layers 
are comparable to those obtained with Ca as the cathode and Al as the capping metal (see 
1 5 Table 1). Stress experiments carried out at 85°C showed a similar thickness dependence 
for the Ca layer as in the case of Al as capping layer. 
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Table 4 

Device performance (at 25 mA) of polymer LED devices prepared 
with Ag and Cu as capping layers 








Device Performance at 25 mA 


No. 


Capping 
Metal 


Ca Thickness 
(A) 


Voltage 
(V) 


Luminance 
(cd/m 2 ) 


Efficiency 
(%) 


D655 ! 


Ag 


3000 


3.33 


124 


3.0 


D663 


Ag 


40 


3.36 


141 


3.5 


D659 


Cu 


3000 


3.39 


121 


3.2 


D667 


Cu 


40 


3.56 


150 


3.7 



This Example demonstrates that a variety of high work function metals can be used 
as metal capping layers in combination with ultra-thin alkaline earth metals as cathode. 

Comparative Example 

Example 1 was repeated, but with 2000 A of an alloy of calcium and aluminum 
(with volume ratios of 1 :9 and 4:6) as cathodes. This was accomplished by simultaneously 
vapor depositing Ca and Al from two separate resistively heated tantalum boats. The 
volume ratio of Ca and Al was controlled by the evaporation rate of the two metals. Pure 
aluminum (2000 A) was deposited as the capping layer on top of the alloy layer, as in 
Example 1. The luminance change versus time during stress at 85°C, as described in 
Example 2, was measured and is illustrated in Figure 6. Upon comparing Figures 2 and 6, 
it is evident that devices with Ca/Al alloy cathodes exhibit a stress life at 85°C comparable 
to that typically obtained with thick Ca cathodes; that is, around 50 hours. 

This comparative Example demonstrates that cathodes comprising an ultra-thin 
layer of alkaline earth metal have a significant advantage in device lifetime in comparison 
with those employing alloys of low work function metal, such as alkaline earth metals, 
with more stable metals, the latter being known in the art. Furthermore, this comparative 
example demonstrates that the improvements resulting from the use of the ultra-thin layer 
of alkaline earth metals are not the result of inadvertent alloying with the capping metal. 
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20 
CLAIMS 

1 . A polymer light-emitting diode comprising: 

(a) a transparent hole-injecting anode layer; 

(b) an emissive layer comprising an electroluminescent polymer; and, 

(c) an electron-injecting cathode layer; 

wherein said cathode layer comprises an ultra-thin layer of alkaline earth metal 
having a thickness of from about 15 to about 100 A. 

2. The polymer light-emitting diode according to claim 1 , wherein said ultra-thin 
layer of alkaline earth metal has a thickness of from about 30 to about 60 A. 

3. The polymer light-emitting diode according to claim 1, wherein said alkaline earth 
metal is selected from the group consisting of calcium, strontium, and barium. 

4. The polymer light-emitting diode according to claim 2, wherein said alkaline earth 
metal is selected from the group consisting of calcium, strontium, and barium. 

5. The polymer light-emitting diode according to claim 1 , wherein said cathode layer 
further comprises a capping layer. 

6. The polymer light-emitting diode according to claim 2, wherein said cathode layer 
further comprises a capping layer. 

7. The polymer light-emitting diode according to claim 3, wherein said cathode layer 
further comprises a capping layer. 

8. The polymer light-emitting diode according to claim 4, wherein said cathode layer 
further comprises a capping layer. 

9. The polymer light-emitting diode according to claim 5, wherein said capping layer 
comprises aluminum, silver, or copper. 
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The polymer light-emitting diode according to claim 1, wherein said 
electroluminescent polymer is a conjugated polymer. 

The polymer light-emitting diode according to claim 2, wherein said 
electroluminescent polymer is a conjugated polymer. 

The polymer light-emitting diode according to claim 3, wherein said 
electroluminescent polymer is a conjugated polymer. 

The polymer light-emitting diode according to claim 4, wherein said 
electroluminescent polymer is a conjugated polymer. 

The polymer light-emitting diode according to claim 1, wherein said 
electroluminescent polymer is selected from the group consisting of: 
poly(p-phenylene vinylene)s, poly(arylene vinylene)s, poly(p-phenylene)s, 
poly(arylene)s, and polyquinolines. 

The polymer light-emitting diode according to claim 2, wherein said 
electroluminescent polymer is selected from the group consisting of: 
poly(p-phenylene vinylene)s, poly(arylene vinylene)s, poly(p-phenylene)s, 
poly(arylene)s, and polyquinolines. 

The polymer light-emitting diode according to claim 3, wherein said 
electroluminescent polymer is selected from the group consisting of: 
poly(p-phenylene vinylene)s, poly(arylene vinylene)s, poly(p-phenylene)s, 
poly(arylene)s, and polyquinolines. 

The polymer light-emitting diode according to claim 4, wherein said 
electroluminescent polymer is selected from the group consisting of: 
poly(p-phenylene vinylene)s, poly(arylene vinylene)s, poly(p-phenylene)s, 
poly(arylene)s, and polyquinolines. 
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1 8. The polymer light-emitting diode according to claim 1, wherein said 
electroluminescent polymer is poly(2-(3,7-dimethyloctyloxy)-5-methoxy-l,4- 
phenylene-l,4-phenylene vinylene). 

19. The polymer light-emitting diode according to claim 1, wherein said anode layer 
comprises a material selected from the group consisting of: metal, metal oxide, 
graphite, doped inorganic semiconductor, doped conjugated polymer. 

20. The polymer light-emitting diode according to claim 1, wherein said anode layer 
comprises a material selected from the group consisting of: aluminum, silver, 
platinum, gold, palladium, tungsten, indium, copper, iron, nickel, zinc, lead, tin 
oxide, indium/tin oxide, graphite, doped silicon, doped germanium, doped gallium 
arsenide, doped polyaniline, doped polypyrrole, and doped polythiophene. 

2 1 . The polymer light-emitting diode according to claim 1 , wherein said polymer 
light-emitting diode is encapsulated. 
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Figure 1 
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Figure 2 
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Figure 3 




(giu/po) aoueufuini 



3/6 



WO 98/57381 _ " PCT/US98/09563 



Figure 4 




( ui/po) aoueu|uin-| 



4/6 



WO 98/57381 



PCTVUS98/09563 




5/6 



WO 98/57381 



PCT/US98/09563 



Figure 6 
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